INTRODUCTION
Differential expression of mRNA in various cell types is a basic regulatory mechanism of cellular and/or tissue differentiation (1, 2) . Intracellular RNA distribution is now recognized as an essential mechanism in the regulation of localized protein expression. Yet, the sensitivity and resolution of current technologies are not sufficient for understanding the molecular level roles of mRNA concentration and distribution. Atomic force microscopy (AFM) (3, 4) permits recognition of proteins by utilizing antigen-antibody (5-7) or ligand-receptor interactions (8) (9) (10) (11) , which subsequently allow spatial distribution mapping at nanometer resolution. Here, we demonstrate the feasibility of mapping mRNA distribution in a biological tissue sample by measuring DNA-RNA interaction forces with AFM. As a model system, we chose mouse Pax6 expressed in the embryonic neocortex (12) (13) (14) (15) (16) . The mouse Pax6 gene encodes a transcription factor that plays a pivotal role in the development of embryonic neuronal cells (13, 15, 17) and of a few other organs, including the eye (18) . In the embryonic neocortex of mouse, Pax6 is preferentially expressed in radial glial cells, which are progenitors of neuronal and glial cells (14, 19) . The somas of radial glial cells are mostly located in the ventricular and subventricular zones of the neocortex where Pax6 mRNA is abundant.
When measuring molecular interactions with AFM (10) (11) (20) (21) (22) , the way of immobilizing a probe molecule on the AFM tip is critical. Less-controlled immobilization, in terms of specificity, orientation, and spacing, can result in poor detection of target molecules, leading to unwanted nonspecific interactions and/or broad unbinding force distributions (23) (24) (25) . We previously demonstrated that immobilization of a DNA probe on a dendron-modified AFM tip simplifies the force-distance curves for the DNA-DNA interaction, thereby enhancing the reliability of the analysis (26) . Dendron is a conically shaped molecule where the repeating monomeric units are directionally stretched from a core monomer at the apex side (27) (28) (29) ( Figure 1A and Supplementary Figure S2A) . Thus, modification of the AFM tip surface with dendrons and subsequent attachment of a probe molecule on the apex of the dendron allows controlled spacing between the probe molecules ( Figure 1A and Supplementary Figure S1 ). Here, we utilized a DNA probe attached to a dendronmodified AFM tip to measure the specific adhesive force to the complementary RNA and Pax6 mRNA of 802 bases, and to map the Pax6 mRNA distribution on the surface of sectioned mouse embryonic tissues.
MATERIALS AND METHODS

General
A silane coupling agent N- [3-(triethoxysilyl) propyl]-O-polyethyleneoxide urethane (TPU) was purchased from Gelest. All other chemicals are of reagent grade from Sigma-Aldrich. UV-grade fused silica plates were purchased from CVI Laser. Polished Si(100) wafers (dopant: phosphorus; resistivity: 1.5-2.1 V cm) were purchased from MEMC Electronic Materials. Deionized water (18 MV cm) was obtained by passing distilled water through a Barnstead E-pure 3-Module system. All water used in RNA experiments was pretreated overnight with diethylpyrocarbonate (DEPC, 0.05% v/v) and subsequently autoclaved. All short oligonucleotides were purchased from Samchully Pharm (Korea).
Sample preparation
Cleaning the substrates. Silicon wafers and fused silica plates (for dendron surface coverage analysis; data not Silylation. Silicon/silica substrates and cantilevers were immersed in anhydrous toluene (20 ml) containing the silane coupling agent (0.20 ml) under a nitrogen atmosphere for 4 h. After silylation, the substrates and cantilevers were washed with toluene, and then baked for 30 min at 1108C. The substrates were immersed in toluene, toluene-methanol [1:1 (v/v)], and methanol in a sequential manner and sonicated for 3 min in each washing solution. The cantilevers were rinsed thoroughly with toluene and methanol in a sequential manner. Finally, the substrates and cantilevers were dried under vacuum (30-40 mTorr).
Preparation of dendron modified surfaces
Preparation of 9-acid dendron modified surfaces. The hydroxylated substrates and cantilevers were immersed for 12-24 h in a methylene chloride solution dissolving the 9-acid dendron (1.0 mM), a coupling agent, 1,3-dicyclohexylcarbodiimide (DCC) (9.9 mM), and 4-dimethylaminopyridine (DMAP) (0.9 mM). The 9-acid dendron,
(or 9-acid, see Supplementary Figure S2A ) used in this work was prepared by us, and dissolved in a minimum amount of dimethylformamide (DMF) prior to adding into methylene chloride. After the reaction, the substrates were immersed in methylene chloride, methanol, and water in a sequential manner, and were sonicated for 3 min at each washing step. The cantilevers were rinsed thoroughly with methylene chloride, methanol and water in a sequential manner. Finally the substrates and cantilevers were washed with methanol, and dried under vacuum (30-40 mTorr).
Preparation of 27-acid dendron modified surfaces. The above hydroxylated substrates and cantilevers were immersed for 12-24 h in a methylene chloride solution dissolving the 27-acid dendron (1.0 mM), a coupling agent, 1,3-dicyclohexylcarbodiimide (DCC) (29.7 mM), and 4-dimethylaminopyridine (DMAP) (2.9 mM). The 27-acid dendron,
propylcarbamate (or 27-acid, see Figure 1A ) used in this work was prepared by us (see Supplementary Data), and dissolved in a minimum amount of DMF prior to adding into methylene chloride. After the reaction, the substrates were immersed in methylene chloride, methanol, and water in a sequential manner, and were sonicated for 3 min at each washing step. The cantilevers were rinsed thoroughly with methylene chloride, methanol and water in a sequential manner. Finally the substrates and cantilevers were washed with methanol, and dried under vacuum (30-40 mTorr).
Deprotection of the 9-anthrylmethoxycarbonyl group
The cantilevers and dendron-modified substrates were stirred for 2 h in a methylene chloride solution containing trifluoroacetic acid (TFA) (1.0 M). After the reaction, they were soaked in a methylene chloride solution with 20% (v/v) diisopropylethylamine (DIPEA) for 10 min. The substrates were sonicated in methylene chloride and methanol each for 3 min, and the cantilevers were rinsed thoroughly with methylene chloride and methanol in a sequential manner. The substrates and cantilevers were dried under vacuum (30-40 mTorr).
Preparing NHS-modified substrates
The above deprotected substrates and cantilevers were immersed for 4 h under nitrogen in an acetonitrile solution containing di(N-succinimidyl)carbonate (DSC) (25 mM) and DIPEA (1.0 mM). After the reaction, the substrates and cantilevers were placed in stirred DMF for 30 min and washed with methanol. The substrates and cantilevers were dried under vacuum (30-40 mTorr).
Immobilization of DNA/isolated short RNA
The above NHS-modified substrates were placed in a solution containing 30- TGG GCT GAC  TGT TCA TGT GTG TTT GCA TGT-3 0 , of which GC content is 47%. After the reaction, the substrates and cantilevers were stirred in a buffer solution [2Â SSPE buffer (pH 7.4) containing 7.0 mM sodium dodecylsulfate] at 378C for 1 h, and were rinsed thoroughly with water to remove non-specifically bound oligonucleotides.
Finally, the substrates and cantilevers were dried under vacuum (30-40 mTorr).
Preparation of mouse embryonic tissue sections
Brains from C57BL/6 mouse embryos at E14.0 were dissected in PBS buffer and fixed with gentle rocking for 12 h in 4% paraformaldehyde (PFA) at 48C. Plug date was defined as embryonic day 0.5 (E0.5). The brain tissue was then washed in PBS buffer with 4% PFA and rinsed briefly in an embedding medium (Tissue-Tec, USA). The brain tissues in the embedding medium were fast-frozen in isopentane cooled with liquid nitrogen. Serial coronal sections of 12 mm thickness were prepared with a freezing microtome and were collected on glass slides (ProbeOn plus, Fisher Scientific, USA). Tissue sections were fixed with 4% PFA in PBS buffer for 10 min and rinsed with PBS solution before treatment with Proteinase K (4 mg/ml) in PBS buffer for 8 min at room temperature. Tissue sections were post-fixed with 4% PFA, rinsed with PBS, dehydrated sequentially in 70% and 95% ethanol for a few seconds before air-drying. The in situ hybridization of the embryonic tissue sections was basically performed according to a standard protocol (30) .
AFM force measurements
All force measurements were performed with a NanoWizard AFM (JPK Instrument). The spring constant of each AFM tip was calibrated in solution before each experiment by the thermal fluctuation method. The spring constants of the cantilevers employed varied between 10 and 15 pN/nm. All measurements were carried out in fresh PBS buffer (pH 7.4) at room temperature. All force measurements were recorded with a measurement velocity of 0.54 mm s À1 .
Force measurements of model systems. To measure the mean force values, the force-distance curves were always recorded more than 100 times at one position on a substrate, and more than two spots were examined in each separate experiment.
Force measurements for tissues. Force images were obtained by processing the force values recorded during the raster-scanning on areas of 300 nm Â 300 nm each. The area was divided by 10 Â 10 pixels. Concerning statistics and stochastic behaviour, force-distance curves were typically recorded more than 10 times at each pixel, and the presented force value of each pixel is the mean unbinding force from fitting the force distribution to a Gaussian curve.
RESULTS
The interaction force between DNA and 30-mer RNA (Model system I)
We first measured the interaction force between the DNA probe immobilized on the AFM tip and the 30-mer oligo RNA complementary to the DNA probe on the silicon wafer ( Figure 1B ). To immobilize DNA probe and 30-mer oligo RNA on the AFM tip and silicon wafer, we initially employed the so-called 9-acid dendron. The 9-acid dendron led to satisfactory measurement of DNA-DNA interaction forces in our previous study (26) ; conjugation between the nine carboxylic acids in the periphery of the dendron (Supplementary Figure S2A ) and the AFM tip surface provided mesospacing for the DNA probes attached to the apex. While the DNA probe on the 9-acid dendron-modified AFM tip properly detected the complementary target oligo RNA molecule, it yielded an unsatisfactorily broad force distribution histogram for a longer target RNA (Supplementary Figure S2B) . Employment of a 27-acid dendron ( Figure 1A ) that provided larger spacing between the DNA probes on the apex yielded an interaction force histogram satisfactorily narrow for analysis of the DNA-RNA interactions (see below). Here, we describe our analysis of the interaction force mapping of mRNA with the 27-acid dendron-modified AFM tip. The DNA probe used was a 30-mer oligonucleotide complementary to nucleotides 1698-1727 of Pax6 mRNA ( Figure 1C and Supplementary Figure S3 ). The DNA probe with an amine group at the 5 0 side was covalently linked to the apex of a 27-acid dendron immobilized on the AFM tip. The target RNA with an amine group at the 5 0 position was attached to the apex of an immobilized 27-acid dendron on the surface of a silicon wafer. We obtained force-distance curves of the interaction between the DNA probe and target RNA during the approach and retraction processes, respectively. The measurement was repeated more than 100 times for each spot, with measurement rates of 0.54 mm s À1 . The resulting force-distance curves showed a single distinctive binding (attractive) and unbinding (adhesive) pattern during the approach and retraction processes, respectively ( Figure 1D ). Binding and unbinding forces were obtained from each force-distance curve to generate force histograms ( Figure 1E ). Gaussian fitting of these histograms yielded mean forces of 32 and 44 pN for the binding and unbinding events, respectively. In this experiment, the binding and unbinding forces were same as those measured with the 9-acid dendron-modified AFM tip (data not shown).
It is known that an RNA-DNA duplex is more stable than the corresponding DNA-DNA interaction (31) . The corresponding DNA-DNA interaction was measured with the 9-acid dendron-modified AFM tip and silicon substrate and at a 0.54 mm s À1 measurement rate ( Figure 1F) . In order to avoid the error that might occur during the calibration process, we employed an identical tip for the comparison in this particular experiment. It was possible to use one tip for both experiments because the only thing we had to change was the substrate. The interaction binding and unbinding forces were smaller than those of the DNA-RNA interaction by 3 and 5 pN, respectively. To verify the specificity, interactions between the probe DNA and non-complementary target RNA were measured. Binding was not observed, the unbinding force was significantly less than the specific mean force, and the unbinding frequency was dramatically reduced ( Figure 1G ).
The interaction forces between DNA and partial-length Pax6 RNA of 802 bases (Model system II)
We next examined the interaction force between the AFM tip-bound DNA probe and its complementary RNA sequence residing in a long RNA molecule (Figure 2A) . The 802-base RNA (cRNA) corresponding to nucleotides 1346-2147 of Pax6 mRNA ( Figure 1C ) was synthesized in vitro (see Supplementary Data). This cRNA, which included nucleotides 1698-1727 complementary to the probe DNA sequence, was fixed on a glass slide (see Supplementary Data). Binding and unbinding force curves between the 30-mer DNA probe on the dendronmodified tip and cRNA on the slide were obtained as above. Force-distance curve patterns during the retraction process indicated mostly single ( Figure 2B and Supplementary Figure S4 ) and double (Supplementary Figure S5A) unbinding events with a rarity of more than two unbinding events (Supplementary Figure S5B) . The multiple unbinding events might be explained by poor control of the surface density of 802-base cRNA and secondary interactions with neighboring cRNA.
The unbinding forces for multiple unbinding events calculated from the last rupture event were incorporated into the force histogram. These mean unbinding forces between the DNA probe and the cRNA from each spot ranged from 39 to 41 pN ( Figure 2C and Supplementary Figure S6) . The unbinding probability from each spot is different each other because the surface fixation method results in randomly oriented 802-base RNA on surface. The orientation of 802-base RNA on the glass slide should give minimal influence on the mean unbinding force. The only thing that would change is the probability of recording the interaction. The observed forces were from specific interactions between the DNA probe and cRNA sequence, since the force histogram for interactions with the antisense sequence cRNA was quite different, with a reduced mean unbinding force (27 pN) and frequency of unbinding events ( Figure 2D ). The mean unbinding force of the 802-base cRNA (39-41 pN) was slightly less than that of the 30-mer oligo RNA (44 pN).
Mapping of Pax6 mRNA on a mouse embryonic tissue
We mapped the distribution in mouse E14.0 embryonic brain tissue, when Pax6 mRNA is expressed in the ventricular and subventricular zones (13) (14) (15) . The brain tissue was sectioned and fixed to expose mRNA on its surface (see Supplementary Data). We confirmed Pax6 mRNA expression in the neocortical region by in situ hybridization with a digoxigenin-labeled antisense Pax6 RNA probe (see Supplementary Data). Consistent with previous reports (13) (14) (15) , Pax6 mRNA was much more abundant along the ventricular zone than along the cortical plate side ( Figure 3A) . The ventricular zone and cortical plate sides were then subjected to mRNA mapping, employing the same conditions used nucleotides for detection of cRNA immobilized on glass. Pax6 mRNA mapping was performed by detecting the specific unbinding force between the DNA probe and Pax6 mRNA on the sectioned tissue ( Figure 3B ). In each mapping area, 10 Â 10 pixels were examined to obtain force-distance curves for the unbinding processes. Representative force distance curves for single rupture unbinding events are shown in Supplementary Figure S7 . The mean unbinding force value for each pixel was determined from the histograms of the unbinding forces (Supplementary Figure S8) recorded more than 10 times. The mean unbinding force of each pixel was displayed as a force map by categorizing the force values into eight levels ( Figure 3B) , with a reference point at 37 pN, as the mean unbinding force distribution of each pixel showed a distinctive trough between 33 and 36 pN (Supplementary Figure S9A) . Of the 600 pixels examined, no single pixel showed the value in this range. We considered any force over 37 pN to be derived from the specific interaction between the DNA probe and Pax6 mRNA, while the reason for the deviation from 41 pN observed in 802-base RNA was not clear, complication in tissue sample should be one of the reasons for this deviation. As the controls, no force over 33 pN was observed in tissues blocked by oligo DNA complementary to the mRNA ( Figure 3C ), in RNAse-treated tissues ( Figure 3D ), or in the control area of the tissue sections ( Figure 3E ). The largest forces observed in these cases were 33, 31 and 33 pN (Supplementary Figure S9B) , respectively.
DISCUSSION
In case of an 802-base cRNA and a fixed mouse embryonic brain tissue, interestingly, no distinctive binding events were recorded in the force-distance curve of the interaction between the DNA probe and cRNA.
The absence of the binding event could be explained by the fact that the DNA binding site is located at the inner part of 802-base-long cRNA and Pax6 mRNA with which exists in the form of complicated secondary structures (Figure 2A ). In addition, force curves demonstrated nonlinear unbinding profiles prior to unbinding rupture ( Figure 2B and Supplementary Figures S4, S5A and S5B), whereas those of the 30-mer RNA manifested linear profiles ( Figure 1D ). This difference was likely due to the enhanced flexibility of the 802-base cRNA and Pax6 mRNA, which should result in a reduced actual loading rate during unbinding (22) . In particular, the unbinding distance in the force curves of 802-base cRNA and Pax6 mRNA, varied in the range of 8-40 nm, while that of the 30-mer oligo RNA varied in the range of 3-7 nm. The rupture distance of 802-base cRNA and Pax6 mRNA reflect the rupture distance of 30-mer RNA and Figure S5A) unbinding events with a rarity of more than two unbinding events (Supplementary Figure S5B) . The multiple unbinding events might be explained by poor control of the surface density of 802-base cRNA and secondary interactions with neighboring cRNA. Notably, the tissue sample demonstrated more frequent multiple unbinding events than the cRNA samples (Supplementary Figure S5C and D) . Other neighboring mRNAs of which sequences are partially identical to that of the targeted RNA might cause the multiple rupture events.
Force maps indicated that Pax6 mRNA is was detected at a much higher frequency in the ventricular zone than in the cortical plate zone. In the force map in Figure 3B , the numbers of the positive pixels were 136 and 11 for the ventricular and cortical plate zones, respectively, out of 300 pixels examined. Thus, the frequency of positive pixels in the two zones was proportional to Pax6 mRNA levels detected by in situ hybridization, supporting the concept that these force maps reflect the local distribution of Pax6 mRNA in a given area of tissue. From several control experiments including the force maps in the control area of the tissue sections of Figure 3A , presence of Pax6 mRNA in cortical plate was clearly confirmed. Because the probe DNA detects only the mRNA molecules appeared on the surface of the examined tissue that are accessible to the probe, it is difficult to suggest that the number of the pixels with a certain force value is linearly dependent to the mRNA on surface of the examined tissue. Also, the hydrodynamic length of the probe DNA would allow sensing mRNA at the neighboring pixel. Nevertheless, it is expected that most of mRNA molecules present at the tissue surface were sensed because the orientation of mRNA at the surface would affect minimally the most probable adhesive force, while the probability of recording an interaction would be influenced. Therefore, it is believed that the force maps recorded by picoforce AFM correctly shows the trend of the mRNA distribution. It is important to note the high sensitivity of the employed approach enables the detection of the mRNA in the ventricular zone, while the Pax6 protein has not been detected by the fluorescence assay in the section.
CONCLUSIONS
In conclusion, the presence and location of mRNA molecules in a sectioned tissue can be facilely detected using a DNA probe attached to a dendron-modified AFM tip. This mRNA detection procedure is straightforward once the DNA probe is properly selected and immobilized on a suitably modified AFM tip. The choice of dendron in AFM tip modification was a critical factor. The use of a 27-acid dendron led to successful detection of the mRNA, whereas tips modified with a lower generation dendron (3-acid or 9-acid) led to unsatisfactory results, with frequent nonspecific and multiple rupture events and broad force histograms (Supplementary Figures S10 and S11) . The use of AFM to detect mRNA via molecular interaction force provides a molecular level of sensitivity. In contrast, the sensitivity of in situ hybridization is limited even with fluorescent probes. In this regard, it is notable that the force map we obtained indicates the clear presence of mRNA in the cortical plate area, whereas in situ hybridization was not sufficient to distinguish the low level expression of mRNA in this area (12, 13) (Figure 3A) . AFM provided nano-or molecular-level resolution for the distribution of mRNA in a tissue ( Figure 3B ), although the hydrodynamic length of the probe DNA and target RNA may limit this resolution. The unprecedented sensitivity and resolution in mapping mRNA with this approach should open doors to unexplored biological areas. The presence and localization of various RNA species may be detected with single-molecule sensitivity and resolution. Diagnostic examination for the presence of a specific mRNA species should also be feasible directly from tissue samples.
